Direct interband magneto-optical transitions have been observed at k=0 in InSb using the reflection technique at 1.5'K. In addition to the normal spectral structure associated with allowed transitions, some strong features have been observed associated with "extra" transitions produced both by the warping and the linear-in-k splitting of the valence band of InSb. An unambiguous assignment of the origin of these transitions has been made by a study of the anisotropy of the spectra Lwith the magnetic Geld H in the (110) crystal plane) using left and right circularly polarized light. With the allowed and extra transitions, we can determine the relative energies of the first Ave valence-band magnetic energy levels. By Qtting these, and the strengths of the extra transitions, we determine Luttinger's warping parameter (y3 -y2) and the Dresselhaus inversion-asymmetry parameter C. In addition, it is necessary to retain Luttinger s parameter q, which normally has been assumed to be zero. This quantity is present in the effective-mass Hamiltonian when there is a magnetic Geld and spin-orbit interaction. We Gnd: (y& -y2)=1.2&15%, q=0.4+50%, and C= 6.6&(10 ' a.u. &30%. This value of C is about 4.5 times smaller than an erroneous value published previously.
I. INTRODUCTION
" 'N a previous treatment of interband magnetos~absorption in InSb by Pidgeon and Brown' (referred to hereafter as I), the high-field measurements were interpreted in terms of a "quasi-Ge" model which included the nonparabolic and "quantum" effects in the conduction and valence bands, and most of the warping of the bands, but neglected the inversion asymmetry terms present in zinc-blend e crystals (Dresselhauss Parmenter'). Weak fine structure observed in the spectra for the two directions of magnetic field under which the experiment was performed (H~~(100) and (110) C. R. Pidgeon and R. N. Brown, Phys. Rev. 146, 575 (1966) .
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induced transitions should be observable in interband magneto-optical experiments in InSb.
The theory of the inversion-asymmetry terms -those of lowest order are the k and k' terms -has been known for some time. "~T hey result from the antisymmetric potential of the zinc-blende lattice and split the twofold energy degeneracy at a given k value when there is a spin-orbit interaction. The splittings are small, and they have been difficult to observe experimentally. Recently it has been suggested that a beat frequency in the Shubnikov -de Haas effect in heavily doped e-type HgSes gives the conduction-band inversionasymmetry splitting, ' and the same effect is apparently seen in e-type GaSb. " This has not been useful for determining the size of the term /ieeo, r im k, since at large k values both k and ks terms contribute to the splitting of the p-like conduction band of HgSe, and k' terms to the splitting of the s-like conduction band of GaSb. Evidence of the linear-in-k splitting has been given by Robinson" from microwave cyclotron-resonance experiments in p-type InSb. However -ys(k, 'J,'+k"'J"'+k,2J,2) -2ys((k"k"}(J,J") +(k",k.)(J'",J,)+(k"k, )(J'"J,})+(e/I'tc)ttJ H +(e/Ac)q(J, 'H, +J"'H"+J, 'H, ) It, (2) and D is the odd part (zero for materials with inversion symmetry),
The notation is de6ned in Refs. 4 In this paper it is convenient to use both the (110) plane solution and the (111) direction solution for D+.
The first shows the directional dependence of the extra warping transitions, but the second is more useful for estimating the strength of the warping, and the quantity q, from these transitions. The linear-in-k splitting, or D, is treated as a perturbation upon the eigenvalues of D+( (111) and (6) valence ladders are the harmonic-oscillator numbers n for the two-component wave functions (by convention, the largest number n is used to label the level (13) where, from Eq. (9), Qoo = -(4/&3)11a4, 0+a5, 0 (e/5H/mc), (14) and 2&0 is the energy separation between the unperturbed levels, with the zero of energy taken midway between them. The perturbed wave functions and (17) with respect to the basis functions of Eq. (8) 
hence from Eqs. (16) and (17) 
D ( (211)) has the same form as D ( (111) 
Level (3) Fig. 3 for H~~ (111) Recently Johnson" has identified the strong symmetric peak observed in magnetoabsorption with the creation of the exciton ground state, and a shoulder observed at slightly higher photon energy with the creation of the first excited state of the exciton. An estimate of the exciton binding energy can be made for a given value of H from the measured excited state energy, using a theory which is strictly applicable only to the case of simple energy bands. For the few transitions in which the excited state of the exciton is observable, this gives a means of comparing the exciton transition (the measured energy) with the Landaulevel transition (the energy which can be theoretically computed from band parameters). Johnson studied the first two transitions in the Voigt configuration (i.e. , to the N=O spin-up and spin-down conduction band) for InSb. It was found that the separation between main peak and shoulder, 8~, for these transitions increased smoothly with magnetic field in approximate agreement with the theoretical prediction of Ref. 19.
An extrapolation of these results to the magnetic field used in the present work (84 kOe) yields the value for the transition to the spin-up level of Bet' 4.5 rneV, and for the transition to the spin-down level of B~J, 5.0 meV.
In order to compare our measured and computed transition energies it is necessary to assume that the exciton binding energy for the transitions considered here, to the same conduction-band level, is the same (i.e. , approximately equal to Bet' or Be/). This is reasonable since the effective masses (as determined both by the energy dependence on H and on k, ) of the levels in the valence band involved are about the same and about 20 times greater than the conduction-level mass.
In addition, they all lie within an energy range of about 3 meV, whereas the conduction levels are separated by about 18 meV, owing to the large conductionband g factor.
Since we are concerned only with the digerersces in energy between transitions to the same conductionband level -both for identifying the transitions, and for evaluating the interaction parameters of the previous sections -the over-all shift produced by the exciton binding energies should not then affect the interpretation in terms of Landau-level theory.
One possible source of difficulty with this arises if the exciton states interact. Consider the transitions, Ti and T~, from the two valence-band levels, B+ (0) and u (2) -coupled through p3 -p2 and q -to one of the e =0 conduction-band levels. here. This, again, is reassuring, but is not proof that the total effect is negligible.
B. Band Parameters
In Fig. 2 we find the linear k and warping-induced transitions for HII(111), predicted from Fig. 1 . It is worth summarizing the steps leading to the assignment:
(1) The basic energy band level scheme, and identification of the allowed transitions, is known from I. (1) shows that the only interactions present between the pairs of levels involved (Fig. 1 Fig. 1 from which transitions can be made to the e=O conduction levels. We find that, when the parameter q in Eq. (22) is taken to be zero, it is possible to bring only four of these valence levels into a reasonable fit with experiment; a significant discrepancy remains for the first heavy-hole level in the b set. From experiment we expect this to be about 0.5 meV above the first light-hole level in the b set, whereas the theory predicts about 1.5 meV. When q is allowed to vary, all of the five levels can be brought into agreement with experiment with a best-fit procedure.
The higher-band parameters reduce to individual higher-band interactions as follows":
where, in the representations of the diamond lattice, The heavy-mass band has no interaction with bands of symmetry I'&, so that we expect the heavy-hole levels in Fig. 1 (large Landau-level number) cyclotron masses for the heavy-hole band which come from using the best-ht parameters above and the theoretical expressions from De LEq. (6)j are: m((100)) =0. 273m, m((110)) =0. 332m, and m( (111) 
